We propose a simple and effective approach to construct the empirical tight-binding parameters of ternary alloys in the virtual crystal approximation. This combines a new, compact formulation of the strain parameters and a linear interpolation of the hamiltonians of binary materials strained to the alloy equilibrium lattice parameter. We show that it is possible to obtain a perfect description of the bandgap bowing of ternary alloys in the InGaAsSb family of materials. Furthermore, this approach is in a good agreement with supercell calculations using the same set of parameters. This scheme opens a way for atomistic modeling of alloy-based opto-electronic devices without extensive supercell calculations.
The correct way to treat alloys at an atomistic level is the calculation of large enough supercells with randomly chosen atom distribution, and the unfolding of the resulting band structure, possibly averaged over realizations, to obtain an effective alloy band structure. [1] [2] [3] [4] [5] However, this approach is hardly conceivable with ab initio methods, and computationally expensive even in empirical-parameter methods like Empirical Tight Binding (ETB). 6, 7 Besides, for a wide range of application, it exceeds the needs of theoretical modeling: the calculation of optical and transport properties of heterostructure devices demands for a method which could account for atomistic features in a relatively cheap way. For modeling of simple nanostructure devices the computational complexity of ETB is comparable with that of effective mass approach: finite element discretization of k.p differential equations needs unphysically small-size elements while for atomistic approach the size of discretized Hamiltonian is of the order of the number of atoms in the structure. At the same time, ETB as an atomistic approach simplifies consideration of boundaries, accounts for atomistic interface symmetries and properties of ultra-thin layers, and allows full-band calculations.
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The Virtual Crystal Approximation (VCA) which is a standard for the envelope function approaches could be an ideal trade-off between atomistic resolution and computational complexity: instead of full atomistic calculation of an alloy, a tight-binding representation of a virtual binary material mimicking the alloy band structure could be used in device modeling. Unfortunately, the connection between alloy band structure and tightbinding parametrization of the parent binary materials is not straightforward, as a significant non-linearity (or bowing) of the band parameters is observed in most material systems. This severely limits the use of ETB in device modelling. Here, we show how to construct a VCA interpolation without introducing ad hoc parameters.
The family of materials based on InGaAsSb is a good test case for such theory: these compound materials are well documented, and widely used in modern electronic and optoelectronic devices. At the same time, they have a property which is not trivial to reproduce: band gap bowing in some of the ternary alloys is quite large, with for instance an absolute gap minimum at x = 0.4 for the InAs x Sb 1−x alloy. In Ref. 8 the bowing has been accounted in tight-binding by introducing bowing of diagonal energies and transfer matrix elements. This approach gives reasonable agreement with experiments, but at the expense of introducing a number of additional parameters. The observed correlation between alloy bowing and lattice mismatch of parent binaries suggests that lattice mismatch is a driving effect in bowing mechanism, which we explore in the present work.
The spds * tight-binding Hamiltonian used here is constructed following Ref. 6 , but with a more complete treatment of strain, in the spirit of Ref. 9 . Below we describe the strain Hamiltonian for the bulk material, but this procedure may be generalized to nanostructures as explained in Ref. 10 . The strain contribution to the tight-binding Hamiltonian has three rather distinct parts. First contribution is a scaling of the transfer matrix elements with respect to bond length
here n 1 and n 2 are two neighboring atoms, ijk encodes corresponding Slater-Koster off-diagonal parameters, d n1,n2 is the relaxed interatomic distance, d 0 n1,n2 is the bond length in unstrained bulk binary compound and n ijk is the exponent of power-law scaling 6 . Here, we use an original parametrization given in Table I .
Another contribution, also considered in Refs. 6 and 9, is a shift of orbital energies proportional to hydrostatic component of strain tensor: 
where β enumerates orbitals, α β are parameters given in Table I . For each binary compound, we define a ref-
2 /2m 0 and a is the lattice constant. The introduction of the reference energy is particularly important as it avoids a change of the strain parameters when a band offset comes into play. The scaling to orbital energy used previously 6,9 had the merit of being analytically exact in the case of a free-electron crystal where energy is purely kinetic. The choice made for the reference energy is motivated by the aim to keep, as a first approximation, the s * orbitals the same as in the free electron limit, and thus the number of adjustable parameters is reduced by maintaining α s * = 2. E ref can also be understood as the average crystal potential.
The third contribution is a splitting of the onsite energies of degenerate orbitals according to strain symmetry. [9] [10] [11] [12] [13] The simplest approach for this contribution is to use a correction proportional to the strain tensor.
9,10 Using the method of invariants, it can be shown that the p-orbital same-atom block in the tightbinding Hamiltonian (the basis functions are p x , p y , p z ) has the form:
where we defined ε 1 = √ 3(ε xx − ε yy ), ε 2 = 2ε zz − ε xx − ε yy . Following Ref. 9 we also assume ξ = ±λ 2 , with "+" for anion and "−" for cation. To make the parametrization space more compact, we assume that the parameters on anion and cation are connected as:
here
We further reduce the parameter space by setting coefficients n ijk for the nearly free-electron states s * and d to the free electron value n = 2 and by imposing regularity in the chemical dependencies. In comparison with other strain parameterizations, our approach has relatively small number of parameters. Still, the determination of strain parameters for the InGaAsSb family represents a challenging task, because of the small number of available well documented deformation potentials. Indeed, the deformation potentials at the zone center do not provide enough information to allow a unique fit of the still large number of adjustable parameters. Since we expect that any parametrization that gives good values of a c , a v , b and d would provide satisfactory results for realistic device modeling, the strain parameters are numerically fitted to reproduce the recommended values of deformation potentials in the center of Brillouin zone given in Ref. 14 and we use remaining parametrical flexibility to fit the bowings, as discussed below. For completeness, the bulk ETB parameters are listed in Table II. They are a slightly re-worked version of those in Ref. 6 . Note that in case of a significant modification of these bulk parameters, strain parameters themselves should also be revised.
We construct the tight-binding parameters of the alloy A x B 1−x C from the tight-binding parameters of binary materials AC and BC using the following procedure: First, the lattice constant of the alloy is found as a linear interpolation between binaries (Vegard's law). Then we use our description of strain (see above) to construct the parameters of materials AC and BC strained to the lattice constant of the alloy. Next, the tight-binding parameters of the alloy are taken as linear interpolation of the strained binary materials.
To compare with experimental data, we use the values from Ref. 15 . As can be seen from Fig. 1 , the comparison is almost perfect. The bandgap bowings are very well reproduced, and we further checked that the change of the top of valence band and bottom of conduction band separately agree with available experimental data. Also, we observe reasonable behavior of basic properties of alloys in VCA like effective masses and deformation potentials. For completeness, we also give in Table III effective masses of electron and deformation potentials of the binaries and few widely used alloys. Despite its obvious usefulness for device modeling, the virtual crystal approximation is known to differ appreciably from reality: EXAFS studies [16] [17] [18] have revealed in the early 80's that in ternary alloys, individual bond lengths keep a value very close to that in corresponding unstrained binary bulk material. It is therefore of utmost interest to compare our VCA approach with supercell calculations of random alloys. For the supercell calculation of alloys we use a (10a) 3 cubic supercell containing 8000 atoms. We randomly distribute atoms in accordance with alloy composition, then set periodic boundary conditions fitting the alloy lattice constant a and re- lax atomic positions using the valence force field (VFF) approach, 19 which is known to give reasonable results for small and intermediate values of strain. 20 During the relaxation we keep periodic boundary conditions fixed and change atomic positions using conjugate gradient method to minimize elastic energy in VFF. After minimization, we obtain atomic positions in the fully relaxed structure. The distribution of bond lengths for a In 0.4 Ga 0.6 As alloy is displayed in Fig. 2 to illustrate agreement with EX-AFS measurements. 16 It is easily seen that no bond in the alloy has a bond-length corresponding to the alloy lattice parameter! For this relaxed structure we extract a microscopic strain tensor using the approach explicited in Ref. 10 . Using relaxed atomic positions and microscopic strain tensor, we construct the matrix of ETB Hamiltonian and find few eigenvalues near the band gap using the original implementation of thick-restarted Lanczos iterations.
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From these energies we estimate the bandgap of alloy. Its value depends on particular distribution of atoms within the considered random supercell. To estimate the error in random alloy bandgap, we compute this value for a set of five supercell realizations and compare the obtained bandgap with the VCA calculation. The results for all four ternary alloys as a function of composition x are presented in Fig. 3 . Dashed lines show the VCA bandgap as a function of alloy composition and dots show the bandgap of random alloys. As can be seen, despite the fact that the latter has a complicated strain distribution and cannot be easily mapped to a virtual crystal, the bandgaps, computed with the same set of ETB parameters, are in close agreement. For a more detailed comparison, the unfolding procedure 1-5 is necessary, which goes far beyond the scope of the present paper.
In conclusion, we propose a VCA description of ternary alloys from the InGaAsSb family of materials in the spds * ETB model. The method is based on a new parametrization of strain coefficients in the binary materials and a simple yet original interpolation scheme. The present parametrization gives an accurate fit of available experimental data for the basic properties of ternary alloys, and also nicely reproduces results of random alloy simulations. Combination of VCA and tight-binding allows for the accurate modeling of nano-sized devices where atomistic details and/or full-band description is necessary.
